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Introduction
CO is emitted into the troposphere primarily as a product of incomplete combustion processes, including burning of fossil fuels, bio-fuels, and agricultural biomass (Fortems-Cheiney et al., 2011; Worden et al., 2013) . In the troposphere, CO is formed by the oxidation of volatile organic compounds (VOCs), and plays a central role in tropospheric chemistry via its reaction with the OH radical to form CO2 (Waibel et al., 1999; Bergamaschi et al., 2000; Jenkin and Clemitshaw, 2000) . Reduction in global CO may indirectly affect the climate by changing the atmospheric life-time of CH4, which is also oxidised via reaction with OH (IPCC, 2013) . The global budget for CO is estimated between 2.2-2.5 PgC yr -1 , with around 65% of anthropogenic origin. Annual CO emissions are estimated between 500 and 750 Tg from large-scale biomass burning, between 500 and 650 Tg from fossil and domestic fuel burning, between 700-800 Tg from CH4 oxidation and around 100 Tg from natural sources (Bergamasschi et al., 2000; Holloway et al., 2000; Duncan et al., 2007; IPCC, 2007; Lin et al., 2008) .
CO has an average life-time in the troposphere of around 2 months, although it is seasonally dependent, and may range from 10-30 days in tropical regions during summer, to 90 days and almost 12 months in high northern latitudes (Novelli et al., 1998; Staudt et al., 2001; Zhang et al., 2011) . The hemispheric imbalance of higher CO mixing ratios in the Northern Hemisphere (NH) results in spatial and temporal variations, which can be compounded by changes in combustion emissions, long-range transport and natural events such as wildfires. For example, data recorded at background and marine sites at mid-northern latitudes exhibit stronger seasonality (large seasonal amplitude values, AVs) than at sites in the Southern Hemisphere (SH) (Derwent et al., 1998; Novelli et al., 1998) . The highest concentrations of CO are observed typically close to combustion sources (Yurganov et al, 2010) , and therefore CO can be used as a proxy for local and regional air pollution, fossil fuel and biomass burning (Edwards et al., 2006) .
During the last century, the atmospheric burden of CO varied significantly between decades.
For instance, industrialisation in western nations during 1950-1980 resulted in an average global growth rate of around ~1 % CO yr -1 (1-2 ppb CO yr -1 ) due to increased fossil fuel combustion (Zander et al., 1989; Yurganov et al., 1999) . Since the 1990s, the introduction of policies to control CO emissions from vehicular sources in Europe and North America have decreased ambient CO by between 10-50 % in urban areas (Kuebler et al., 2001; Bigi and Harrison, 2010; von Schneidemesser et al., 2010) , while rural and semi-rural areas experienced reductions of 5-25 % (0.1-10 ppb CO yr -1 ) (Simmonds et al., 1997; Lin et al., 2008; Worden et al., 2013; Kumar et al., 2013) . By contrast, rapid economic development of Asian nations since the 1990s has greatly increased CO emissions, which compensate globally for emissions reduction in Europe and North America (Kumar et al., 2013) . over Greater London, which was ascribed to the adoption of stringent control emissions.
CO emissions in England decreased
Nevertheless, road transport sources remain a major driver of diurnal variations of CO in the London area (NAEI, 2016) . Worldwide, average CO diurnal cycles typically show morning and evening peaks, with a delay of 1-3 h from the rush-period. For instance, within urban and suburban areas of Beijing (Xu et al., 2011) , Mexico City (Stephens et al., 2008) , Seoul (Nguyen et al., 2010) and London (Bigi and Harrison, 2010) , the morning peak normally occurs around 08:00-09:00 local time. Ambient CO decreases by mid-day due to reduced emissions and the growth of the planetary boundary layer (PBL) (Shaw et al., 2007) . Reduced fossil fuel combustion in the road transport sector during weekends leads to lower levels of CO than during weekdays (Stephens et al., 2008; Grant et al., 2010b) . However, diurnal profiles of CO are also affected by seasonal changes of emissions from residential heating and energyproduction, variations in the development of the PBL, and changes in wind direction and speed (Helfter et al., 2011; Hernández-Paniagua et al., 2015) . (Lowry et al., 2016) .
CO data capture varied between 78-99% of the annual maximum despite occasional instrument downtime. Figure 2 shows data capture for 30-min CO averages recorded during 2000-2015. CO daily averages were calculated from 30-min data; monthly averages from CO daily averages, with annual averages derived from CO monthly averages. Data capture for wind speed ranged from 67-99%, for wind direction 76-99% and for air temperature, 88-99% (Fig. 2) .
AURN, LAQN and Mace Head (MHD) CO data sets
The AURN is the UK's largest automatic monitoring network with data used to assess compliance against Objectives of the UK and EU Ambient Air Quality Directives (Defra, 2017) .
Currently, 136 monitoring sites are operative and perform measurements of ambient NO and NO2 (collectively NOx), sulphur dioxide (SO2), ozone (O3), CO and particulate matter (PM10 and PM2.5) across the UK (Defra, 2017) . Quality assurance and quality control (QA/QC) processes for the AURN data are carried out independently by Ricardo Energy & Environment.
Hourly AURN CO data, valid with a minimum data capture of 90%, were obtained from the AURN web site ( 
Meteorology at EGH and wind sector and seasonal analyses
The climate at EGH is maritime and mild, with significant month-to-month variations in wind direction and speed during the year ( Figure 3 ) (Hernández-Paniagua et al., 2015; Lowry et al., 2016) . SW winds are most common as depressions track across the UK, whereas E winds are frequent during anti-cyclonic conditions. Relatively clean air arrives at EGH from the SW and SSW. By contrast, E air masses trajectories pass over Greater London (8.17 million people; ONS, 2011) before arrival at EGH. During slow-moving anti-cyclonic air conditions in winter and early spring, the initial relatively clean air is augmented by combustion emissions from the London basin. Figure 3 shows that overall during 2000-2015, the predominant wind direction at EGH was SW, occurring between 17.9 and 24.7 % of the time in spring and winter, respectively. The largest frequency of high wind speeds is observed for winter and contrasts with the lowest frequency of calm events observed 11.5 % of the total time.
To perform wind-sector analyses, the EGH dataset was divided into 8 wind sectors of 45° starting from 0° ± 22.5° and an additional calm category (<0.1 m s -1
). The lower bound of each sector was established by adding 0.5° to avoid data duplicity. Seasons were defined according to temperature records in the NH: winter (December to February), spring (March to May), summer (June to August) and autumn (September to November).
Mathematical analyses
The CO data sets were analysed extensively with the openair package (Carslaw and Ropkins, 2012; Carslaw and Beevers, 2013) for R software (R Core Team, 2013) . Long-term trends were computed as described previously (Hernández-Paniagua et al., 2015) , with the MAKESENS 1.0 macro (Salmi et al., 2002) 
Results and discussion

Time-series in CO recorded at EGH during 2000-2015
The EGH CO dataset exhibits recurrent seasonal cycles and pollution episodes, and a clear sustained decline in the maximum observed values from 2000 to 2008 (Fig. 4) . High CO mixing ratios, >1000 ppb, were frequently recorded before 2008, mostly during winter, with lowest values recorded during summer. London (Bigi and Harrison, 2010; von Schneidemesser et al., 2010) . By contrast, the annual average CO levels observed for the S-SW sectors at EGH since 2012 are not far above the overall averages measured at MHD (Lowry et al., 2016) . In addition to this pronounced decline, winter-time pollution episodes have also decreased in severity. Satellite measurements of decreasing tropospheric CO over Europe agree with the apparent decline of CO observed in EGH, which is also observed above North America (Yurganov et al., 2010; Fortems-Cheiney et al., 2011; Pommier et al., 201; 3Worden et al., 2013; Lowry et al., 2016) .
Daily and weekly cycles of CO at EGH
Diurnal variations in CO arise from changes in emissions from combustion sources and changes in meteorology, mostly in the PBL height (Grant et al., 2010b; Hossain et al., 2012; Defra, 2017) . Figure 5 shows normalised daily cycles for CO at EGH, derived from hourly averages, by season and day of the week during 2000-2015. Peak-to-trough amplitude values of the CO diurnal cycles (AVd) were calculated for morning and evening peaks for weekends and weekdays to assess diurnal variations in CO emissions. The morning and evening peaks in CO observed at EGH arise from the dominant contribution of road transport sources to the daily cycle as discussed by Bigi and Harrison (2010) . By contrast, monitoring sites that experience air masses with relatively minor combustion sources of CO typically exhibit a single PBL-related CO peak in the daily cycle .
Overall, at EGH, morning AVd values are lower than evening values for all seasons, with
Sunday values the lowest of the week. This is in good agreement with traffic data for Greater
London that shows the greatest traffic volume typically occurring during weekdays between 16:00-18:00 GMT (DfT, 2016). Differences of around 1 to 3 h between the maximum traffic volume and the peak occurrence in CO can be ascribed to the time required for emissions to mix, dilute and disperse from sources closer to London. Grant et al. (2010b) reported from semi-continuous measurements of CO and H2 made at the city centre of Bristol UK, that the stability of the PBL height overnight affects the dispersion of evening CO emissions, and thus explains their persistence.
CO annual cycles at EGH
To identify and isolate seasonal features, a wavelet transform was used to spectrally decompose the EGH CO dataset (Torrence and Compo, 1998) . As described previously (Barlow et al., 2015) , this method preserves frequency variations as a function of time, and allows for the time evolution of signals. It has been applied to Arctic CO2 (Barlow et al., 2015) , CO (Mackie et al., 2016) , and CH4 . Figure 6 shows the power spectrum of the CO data which were normalised to reduce the magnitude of their values and thereby permit data to be decomposed and reconstructed to within less than 1% of the original.
The dominant mode of CO variability is the annual cycle, as anticipated from inspection of the raw data. While the global power spectrum is strongly peaked at one year, the power is spread across neighbouring periods, reflecting the high resolution of the data. Consequently, periods of 10 to 15 months are conservatively added to the annual cycle; previous analysis of CO mixing ratios (Mackie et al., 2016) used 6-18 months to represent the annual cycle of lower resolution weekly data. Using the wavelet transform as a band-pass filter isolates a subset of periods, e.g., to de-seasonalise the data by retaining periods >15 months. Overall, Fig. 6 shows that the amplitude of the CO seasonal cycle, and the low-and high-frequency variations, all diminish with time from 2000.
The annual cycle of CO arises from seasonal changes in OH concentration, anthropogenic emissions and meteorological conditions (Novelli et al., 1998; Kim et al., 2011) . To determine typical maxima and minima occurrence in CO at EGH, de-trended average annual CO cycles by wind sector were obtained by subtracting annual averages from each monthly average, which removes the impact of long-term trends (Fig. 7) . The average annual CO cycles at EGH exhibit an apparent winter maxima and summer minima, in agreement with other studies in the NH (Simmonds et al., 1997; Derwent et al., 1998; Novelli et al., 1998; Bigi and Harrison, 2010; Makarova et al., 2011; Kim et al., 2011) . Since vehicular emissions of CO remain fairly constant throughout the year, increased CO emissions from domestic heating together with a decrease in the PBL height may contribute to the elevated mixing ratios observed during winter for all wind sectors (NAEI, 2016).
The occurrence of frequent E and NE air masses at EGH that potentially transport CO emitted from Greater London are likely to cause the largest peaks observed during winter for those wind sectors. Calm periods give the highest mixing ratios between January-March, which may arise from stable atmospheric conditions and frequent inversions that prevent local CO emissions from dispersing. This can be confirmed by the lowest CO mixing ratios observed for the background S and SW sectors, which suggests a low contribution from other CO sources during winter. By contrast, the lowest CO mixing ratios are observed during summer for all wind sectors, with the largest amplitude detected for calm and the lowest for the background sector. This can be ascribed to enhanced convective conditions in summer, which promote dispersion of CO emissions, in combination with dilution by mixing with clean S and SW air masses (Grant et al., 2010b) .
Wind sector analysis of long-term trends in CO at EGH
The secular trends of CO at EGH by wind sector during 2000-2015 were calculated from annual averages, derived from monthly averages filtered with the STL technique (Cleveland et al., 1990) . The best fitting for the whole EGH CO data record is given by an offset exponential function as reported by Lowry et al. (2016) . ) for S and E wind sectors, respectively.
As in the exponential fitting, the largest declines correspond to the NE, E, SE and calm winds sectors, with decreases in CO of 60.8-76.8 % during 2000-2015.
The decline rates in CO of 4.7 and 5.9 ppb CO yr -1 observed for the S and SW wind sectors at EGH ( Kuebler et al. (2001) reported larger CO decline rates for urban sites than for rural sites over Switzerland, which is in agreement with the decline rates observed for the different wind sectors at EGH. This is consistent with the rapid abatement of large CO sources such as road transport, followed by a slower reduction in the remaining sources (Lowry et al., 2016; NAEI, 2016) .
Decline of CO in the London area and comparison with the UK NAEI
EGH trends are compared with those estimated for representative long-term sites within Greater London to put the decline in CO estimated at EGH in the context of SE England. to 2014. This decline followed two major changes in the vehicle fleet. The first was legislation in the 1990s for more rigorous control on exhaust emissions from petrol-fuelled vehicles, coupled with tax switches to make leaded petrol more expensive than unleaded (hence reducing poisoning of exhaust catalysts by leaded fuel). Secondly, there has been a sharp increase in diesel vehicles, which emit much less CO, that previously were a small proportion but now comprise half of new cars sold. While this has caused very damaging pollution from NOx emissions, it has reduced CO emission. Figure 10a shows that the largest reduction in CO emissions is for road transport, which is estimated at around 84 % (5.6 % yr 
Mace Head comparison
CO/CO2 ratio
The ratio of CO/CO2 provides further insight into changes in combustion emissions of CO as it is not affected by dilution processes due to boundary layer dynamics (Chandra et al., 2016) .
To assess the decrease in road transport emissions of CO, the CO/CO2 residual was defined as the excess CO/CO2 in air from NE-E wind sectors compared with the S wind sector. Further details of the EGH CO2 record can be found elsewhere (Hernández-Paniagua et al., 2015) . Table S2 lists cumulative declines in CO/CO2 daily residuals. Overall, during the whole period, declines of 72 and 75 % are observed for the maxima and average CO/CO2 daily residuals, respectively, although a decline of 91 % is observed for the minima CO/CO2 daily residuals. These declines are consistent with the sustained reduction in CO emissions from the road transport sector, and with the early abatement of larger CO sources followed by a more difficult reduction in remaining sources (NAEI, 2016) .
Conclusions
Long background except during rush-hour periods. London has a long record of CO pollution (Evelyn, 1772) : the progress made with CO in the past two decades demonstrates the feasibility of bringing all pollutants down to near-background levels.
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